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Focus 



Human embryonic stem cell and embryonic 
germ cell lines 

James A. Thomson and Jon S. Odorico 

Undifferentiated human embryonic stem (ES) cells and embryonic germ (EG) cells can be cultured indefinitely and yet maintain 
the potential to form many or all of the differentiated cells in the body. Human ES and EG cells provide an exciting new model 
for understanding the differentiation and function of human tissue, offer new strategies for drug discovery and testing, and 
promise new therapies based on the transplantation of ES and EG cell-derived tissues. 



The essential characteristics of all stem cells are pro- 
longed self-renewal and the long-term potential 
to form one or more differentiated cell types. 
Adult tissues with a high cellular turnover rate, such as 
the skin, intestine and blood are each sustained by a 
highly regulated process of stem cell self-renewal, dif- 
ferentiation and death. Stem cells present in adult tis- 
sues form only a limited number of cell types, and some 
tissues completely lack stem cells. However, in the early 
mammalian embryo there are some cells that have the 
potential to form any cell type. 

Each cell of the cleavage-stage mammalian embryo 
has the developmental potential to contribute to any 
embryonic or extra-embryonic cell lineage (Fig. 1). At 
the blastocyst stage, the embryo forms an inner cell 
mass (I CM), which can still form any cell of the body, 
and an outer trophectoderm, which is committed to 
form part of the placenta 1 . Soon after this, the ICM 
splits into a primitive endoderm layer that gives rise to 
extra-embryonic endoderm, and an epiblast layer that 
gives rise to the embryo proper and to some extra- 
embryonic derivatives 2 . After implantation and gastni- 
lation, cells become progressively restricted to specific 
lineages. During this time, a subset of epiblast-derived 
cells form primordial germ cells (PGCs), which 
undergo a complex migration to the genital ridges 
where they become either sperm cells or oocytes 3 . 

In certain strains of mice and in humans, germ cells 
occasionally give rise to tumors, termed teratocarci- 
nomas, that contain derivatives of all three embryonic 
germ layers 4 - 5 . The undifferentiated stem cell compo- 
nents of teratocarcinomas are termed embryonal carci- 
noma (EC) cells. Years before the isolation of human 
EG or ES cells, EC cell lines from both mouse and 
(later) human teratocarcinomas provided an important 
in vitro model of differentiation. Although the cells of 
the ICM contribute to all adult tissues, these embry- 
onic cells proliferate and replace themselves in the intact 
embryo for only a limited period of time before they 
become committed to specific lineages. Thus, in the 
unmanipulated embryo, cells of the ICM function as 
precursor cells, but not as stem cells. However, if ICM 
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cells are removed from their normal embryonic envi- 
ronment and cultured under appropriate conditions, 
they can proliferate and replace themselves indefinitely, 
and yet maintain the developmental potential to form 
advanced derivatives of all three embryonic germ layers, 
thus satisfying the criteria for stem cells. 

Pluripotent mouse ICM-derived cell lines are termed 
embryonic stem (ES) cells to distinguish their origin 
from EC cells 6,7 . Similar pluripotent cell lines have been 
derived from the mouse primordial germ cells of later- 
stage embryos and, again, to distinguish their origin, 
primordial germ cell-derived cell lines are now referred 
to as embryonic germ (EG) cell lines 8 - 9 . Both mouse 
ES and EG cells contribute to multiple lineages when 
formed into chimeras with intact embryos, and will 
sometimes contribute to the germ line, thereby provid- 
ing a means of introducing specific genetic alterations 
into the mouse germ line 10,11 . 

Given the properties of mouse ES and EG cells, the 
essentia! criteria required for applying the term 'ES cell* 
or *EG cell* line to human cell lines should include: (1) 
derivation from the pre- or peri-implantation embryo 
(ES cells) or primordial germ cells (EG cells); (2) pro- 
longed undifferentiated proliferation (self-renewal); and 
(3) stable developmental potential following prolonged 
culture to form advanced derivatives of all three embry- 
onic germ layers. The human cell lines recendy derived 
from blastocysts 12 and from fetal primordial germ cells 13 
fulfill these criteria. 

Comparison of human EC, ES and EG cells 

Human ES, human EC and non-human primate ES 
cells share a similar morphology that is distinct from 
human EG cells 12 " 15 . Human ES (Fig. 2) cells form rela- 
tively flat, compact colonies that easily dissociate into 
single cells in trypsin or in Ca 2+ - and Mg 2+ -free 
medium, whereas human EG cells form tight,, more 
spherical colonies that are refractory to routine disso- 
ciation methods, but which more closely resemble the 
morphology of mouse ES and EG cell colonies. The 
surface antigens that characterize human EC and ES 
cells overlap with those expressed by human EG cells. 
Undifferentiated primate ES cells, human EC cells and 
human ES cells express stage-specific embryonic anti- 
gens 3 and 4 (SSEA-3 and SSEA-4), high molecular 
weight glycoproteins TRA-1-60 and TRA-1-81, and 
alkaline phosphatase 12,1 5_I9 . Human EG cells express 
these markers, but they also express the lactoseries 
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Figure 1 

Pre-implantation mammalian development. At the blastocyst stage, the embryo is 
composed of the inner cell mass and the trophectoderm. The trophectoderm is com- 
mitted to forming the outer layer of the placenta, but the inner cell mass retains the 
ability to form any cell of the body. Embryonic stem ceils are derived from the 
isolated inner cell mass; embryonic germ cells are derived from the primordial germ 
cells (PGCs) of later-stage embryos, either during the migration of the PGCs t or after 
the PGCs have arrived at the genital ridge. 




Figure 2 

Human embryonic stem (ES) cell colony on mouse fibroblasts. Compared with mouse 
ES cells and embryonic germ (EG) cells, human and primate ES cells exhibit a flatter 
morphology with more distinct borders between individual cells. Human EG cells form 
more-compact colonies, which more closely resemble mouse ES and EG cells in 
morphology, but are difficult to dissociate into single cells {bar = 50 p/n). 



glycolipid SSEA-1 (Ref. 13), which is not expressed by 
human EC and ES cells. 

It is not yet clear whether the apparent morphologi- 
cal and phenotypical differences between human ES 
and EG cells reflect basic biological differences result- 
ing from their different origins, or merely reflect the 
different culture conditions used to isolate and propa- 
gate these two cell types. Human ES cells were isolated 
and grown on mouse fibroblasts in the presence of 
serum but in the absence of other exogenous peptide 
growth factors 12 . Human EG cells were isolated on 
mouse fibroblast feeder layers in medium that included 
serum, basic fibroblast growth factor, leukemia inhibitory 
factor (LIF) and forskolin 13 . 

The critical factors produced by the fibroblast feeder 
layers that prevent the differentiation of human ES and 
EG cells are unknown. Mouse ES cells remain undif- 
ferentiated and proliferate in the absence of fibroblasts 
when grown in the presence of LIF, ciliary neurotropic 
factor (CNF) or oncostatin M (Refs 20-22). Human 
ES cells cultured in the presence of LIF and in the 
absence of fibroblasts uniformly differentiate or die 
within 1—2 weeks 12 . Some human EC cell lines are 
feeder-dependent, and LIF, oncostatin M and CNF fail 
to prevent their differentiation 5 . Given the apparent 
importance of LIF in sustaining human EG cell prolif- 
eration, further work is needed to clarify what role, 
if any, LIF signaling plays in mediating the undifferen- 
tiated proliferation of human ES cells, or whether 
entirely different signaling pathways are involved. 

Similar to their mouse counterparts, human ES cell 
lines have both more advanced and more consistent 
developmental potential compared with human EC cell 
lines. The developmental potential of the latter varies 
but, in general, is rather limited, possibly reflecting their 
malignant origin and the presence of severe karyotypic 
abnormalities 5 . For example, the human EC cell line 
NTERA2 cl.Dl injected into immunocompromised 
mice forms teratocarcinomas containing simple tubu- 
lar structures resembling primitive gut, neural rosettes 
and tissue resembling ncuropile 23 . By contrast, human 
ES cells injected into immunocompromised mice form 
benign teratomas with advanced differentiated deriva- 
tives representing all three embryonic germ layers 12 
(Fig. 3). 

Easily identifiable differentiated cells in human ES 
cell teratomas include smooth muscle, striated muscle, 
bone, cartilage, gut and respiratory epithelium, keratin- 
izing squamous epithelium, hair, neural epithelium and 
ganglia. Teratomas formed from human EG cells have 
not yet been reported, but EG cells allowed to dif- 
ferentiate in culture express cell-surface antigens char- 
acteristic of derivatives of the three embryonic germ 
layers 13 . Unlike human EC cell lines, which are highly 
aneuploid, both human ES and EG cell lines can main- 
tain a normal karyotype through prolonged periods of 
culture. Human ES cells express high levels of telomer- 
ase 12 , an enzyme associated with immortal cell lines, 
and are capable of undifferentiated proliferation for more 
than a year, with no observed replica tive senescence. 

Although ES and EG ceD lines both demonstrate a 
remarkable developmental potential, there appear to be 
differences between mouse ES and EG cell lines as a 
result of genomic imprinting. In mammals, genetic 
contributions from both parents are essential for complete 
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Figure 3 

Human embryonic stem cell teratomas. Human embryonic stem cells injected into immunocompromised mice form benign teratomas with 
abundant differentiation of advanced derivatives of all three embryonic germ layers, (a) Gut (bar = 250 p.m) ( (b) fetal glomeruli and renal 
tubules (bar = 67 |xm), (c) bone (bar = 50 pjm), and (d) neural ectoderm (bar = 167 |xm). 



and normal development. This stems from the fact that 
a limited number of critical genes are differentially 
expressed depending on whether they are inherited 
through the male germ line or through the female germ 
line. Thus, mammalian parthenogenomes, which only 
have chromosomes from the female germ line, fail to 
develop to term. 

A few select mouse ES cell lines are capable of form- 
ing an entire viable fetus 24 . This is accomplished by 
forming a chimera between ES cells and a tetraploid 
embryo. In these chimeras, the tetraploid component 
gives rise to extra-embryonic structures, thus rescuing 
the ES cells that appear to have a limited ability to form 
part of the placenta. At least in these select mouse ES 
cell lines, the normal somatic status of imprinted genes 
must be faithfully propagated in culture, or complete 
fetal development would not be possible. However, the 
status of imprinted genes is altered in some mouse ES 
cell lines, possibly as a consequence of extended cul- 
ture, and these ES cells demonstrate abnormal devel- 
opment in chimeras 25 . The somatic imprint of EG cells 
already appears to be altered at the time of isolation 
from the primordial germ cells, and EG cells in 
chimeras demonstrate developmental abnormali- 
zes 26 - 27 . The status of imprinted genes in human ES 
and EG cells has not yet been investigated. Genomic 



imprinting could become a critical issue as transplan- 
tation therapies based on human ES or EG cells are 
developed; changes in the status of imprinted genes 
result in abnormal development, and a relaxation of 
imprinting of specific genes has been associated with 
several human malignancies 28 " 31 . 

Implications for basic research and human 
medicine 

Human ES cell lines provide a powerful new model 
for understanding normal human development and 
therefore can aid in understanding abnormal develop- 
ment. Experimental manipulation of the post-implan- 
tation human embryo is ethically unacceptable because 
of the potential risk to the resulting child, and there can 
be no functional studies on human post-implantation 
embryos. Consequently, what is known about human 
development in the early post-implantation period is 
based on static histological sections of a few human 
embryos and on analogy to experimental embryologi- 
cal studies of the mouse. The mouse is the primary 
model used in mammalian experimental embryology 
as a result of historical use, well-defined genetics and 
favorable reproductive characteristics. However, early 
mouse and human development differ significantly: 
human and mouse embryos differ in the timing of 
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embryonic genome expression 32 , in the formation, 
structure and function of the fetal membranes and 
placenta 33,34 , and in the formation of an embryonic disc 
instead of an egg cylinder 35 . The earliest events of 
human development are critically involved in human 
infertility, pregnancy loss and birth defects. Human ES 
and EG cells offer a new window for the understand- 
ing of both these early human developmental events 
and the pathogenesis of developmental failures. 

Human ES and EG cells could provide a potentially 
unlimited source of differentiated, euploid, non-trans- 
formed cells for investigators interested in the normal 
function and pathology of specific differentiated human 
cells. Although malignantly transformed human cell 
lines are commonly available for research, normal 
primary human cells are less readily available, pardy 
because cells from the adult have a finite replicative 
lifespan and because some important primary human 
cell types have proven difficult to culture. 

The sustained culture of many human tissue- 
restricted stem cells has proven particularly elusive. For 
example, although human bone marrow transplants are 
routine, continued expansion of pure human hemato- 
poietic stem cells in intra (so that multiple patients can 
be treated by the same donor bone marrow) is not yet 
possible, despite years of work towards this goal. 
Human ES and EG cells offer starting material to study 
mechanisms of tissue-specific differentiation and 
regeneration, and may offer the necessary insights that 
will ultimately allow the sustainable culture of tissue- 
restricted stem cells. For tissues such as the heart, which 
completely lack a tissue-specific stem cell, human ES 
and EG cells will prove even more valuable. 

As the Human Genome Project nears completion, 
identifying the function of novel genes will become 
increasingly important. Because human ES and EG 
cells are capable of indefinite proliferation and should 
be amenable to detailed genetic manipulation, they 
provide a system for testing the function of human 
genes during differentiation and in terminally differ- 
entiated cells. Although the ability to direct the 
differentiation of ES and EG cells towards specific lin- 
eages is currendy limited, considerable progress in mouse 
ES cell differentiation to neural, hematopoietic and 
cardiac tissue has been made 36 " 39 . An on-demand, 
unlimited supply of human neurons, blood cells, cardiac 
myocytes or other cells would prove invaluable for drug 
discovery and toxicity testing. 

Human ES and EG cells also offer the promise of new 
transplantation therapies. When disease results from the 
destruction or dysfunction of a limited number of cell 
types, such as in Parkinson's disease (dopaminergic 
neurons) or juvenile onset diabetes mellitus (pancreatic 
islet cells), the replacement of those specific cell types 
by ES cell-derivatives could potentially offer lifelong 
treatment. However, several obstacles need to be over- 
come. It will be necessary to direct ES cells more 
efBciendy to specific lineages. For example, although 
specific culture conditions that promote neural, 
hematopoietic and cardiomyocyte differentiation of 
mouse ES cells have been defined to some degree, the 
resulting population of differentiated cells is always a 
mixture of different cell types. 

Purifying the cells of interest from the mixed popu- 
lation is essential. One strategy is to use a tissue-specific 



promoter to drive a selectable marker 38 . A potential 
problem is that transplanted cells have to be integrated 
into the host tissue in a functionally useful form; replac- 
ing infarcted heart muscle or scar tissue with ES cell- 
derived cardiomyocytes will require that new muscle 
cells integrate with the existing muscle, contract in a 
coordinated and mechanically useful manner and 
develop a new blood supply. Although complex struc- 
tural integration would be essential for some cell trans- 
plants (e.g. neurons and cardiomyocytes), normal func- 
tioning of other ES cell-derived transplants will be 
more independent of such complex tissue interactions 
(e.g. islet cells). 

Another problem is the prevention of immune rejec- 
tion. Strategies to reduce immune rejection include: 
establishing 'banks* of major histocompatibility com- 
plex antigen-typed human ES or EG cells; genetically 
altering ES cells to suppress actively the immune 
response; and using nuclear-transfer techniques, simi- 
lar to those that created Dolly 40 , to produce ES cell lines 
that are genetically matched for ail nuclear genes of a 
specific nuclear donor. Because malignant transfor- 
mation of transplanted cells is a concern, testing the 
safety and efficacy of new transplantation therapies in 
an accurate model such as rhesus ES cells and rhesus 
monkeys will be essential 13 . Indeed, for two of the 
examples mentioned, Parkinson's disease and diabetes 
mellitus, accurate models are already available in the 
rhesus monkey 40 * 4 1 . 

Conclusions 

Human ES and EG cells offer new models that com- 
plement and extend other developmental models for 
understanding the basic processes that control human 
development. Mammalian developmental biology is 
advancing rapidly, and genes that regulate specific 
developmental events are quickly being identified. 
Given the pace of these advances, the ability to direct 
human ES and EG cells to every specific cell type is 
probably not far off. 

The exciting potential of human ES and EG cells is 
that these advances in basic developmental biology 
could direcdy lead to lifelong treatments of serious 
human diseases. Thus, because of human ES and EG 
cells, human developmental biology (once largely rel- 
egated to static histological descriptions) is in the pro- 
cess of being transformed into a dynamic, experimen- 
tal discipline with strong relevance to many clinical 
specialties. 
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TECHNICAL TIPS ONLINE 



New articles published recently in Elsevier Trends Journals Technical Tips Online include: 

■ Tanaka, K.J. and Nishikata, T. (1999) A non-radioactive gel shift protocol enables recovery of RN A- binding proteins 

(http://tto.trends.com) t01794 

■ Goldberg, M. (1999) The use of green fluorescent fusion proteins for efficient and reliable in vitro binding assays 

(http://tt0.trend5.com) t01801 

■ Petek, E. and Wagner, K. (1999) A rapid and efficient PCR approach for the generation of direct-labeled DNA probes 
for FISH analysis (http://tto.trends.com) t01757 

■ Kuschak, T.I. ct al (1999) FISH on purified extrachromosomal DNA molecules (http://tto.trends.com) t01669 

■ Coleman, A.E. et al. (1999) Use of Bl-repeat supplemented Cot-1 DNA to enhance background suppression in FISH 

(http://tto.trends.com) t01769 
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